Aim: The aim of this study was to compare the neutralizing effect of antioxidant agents on the microleakage of dental restorations in nonvital teeth after bleaching with carbamide peroxide. Also assessed was the correlation of the microleakage data between an electrochemical and a staining technique.
study involved an evaluation of the marginal seal of restorations using a dynamic electrochemical method with a comparison of those results to the more common linear dye penetration technique. There is little information on direct comparisons of these test methods.
The null hypotheses of the present study were (1) nonvital bleaching with 10 percent carbamide peroxide has no significant effect on microleakage; (2) the type of antioxidant agent used has no significant effect on microleakage; and (3) the method of microleakage evaluation has no significant effect on the results.
Methods and Materials
The study employed a total of 40 noncarious human maxillary central incisors that had been freshly extracted due to periodontal disease. The teeth were collected after informed signed consent was obtained from donors under a protocol approved by the Ethics Committee of the University of Mashhad Medical Sciences. The teeth were stored at 4°C for up to two weeks in a 0.5 percent chloramine solution. Endodontic access cavities (3 × 3 mm) were prepared using a round diamond bur (No. 4124, KG Sorensen, São Paulo, Brazil) in a high-speed handpiece with air and water cooling. The root canals were instrumented using the step-back technique and filled with sealer (Diaket, 3M/ESPE, Seefeld, Germany) and gutta-percha (Hygienic, Akron, OH, USA) using the cold lateral condensation technique. A 5.0 mm section at the apical end of the canal was left open to permit insertion of a PVC-insulated copper file 5.0 mm in length with the terminal 3.0 mm of wire intentionally left bare. The endodontic filling was removed coronally to a level 2.0 mm apical to the cementoenamel junction. This point was measured using a periodontal probe in the pulp cavity and reproducing the measurement externally with respect to the CEJ. A 2.0-mm thick glass ionomer base (ChemFil Superior, De Trey Dentsply, Konstanz, Germany) was used as an internal sealing agent during the bleaching process. The 40 teeth were randomly divided into four groups (n=10). In order to simulate clinical conditions, the teeth were mounted with the incisal edges upright in a plastic holder using a high-consistency polysiloxane impression material (Coltene Speedex Putty, Coltene AG, Altstatten, Switzerland).
Introduction
Local causes of intrinsic tooth discoloration include pulpal necrosis, intrapulpal hemorrhage, pulp tissue remnants after endodontic treatment, endodontic and coronal filling materials, root resorption, and aging.
1 It has been reported that 10 percent of endodontically treated teeth are discolored and require bleaching, if only for cosmetic reasons.
2 A 10 percent preparation of carbamide peroxide has recently been recommended for intracoronal bleaching [3] [4] [5] and was the bleaching agent used in this study. After bleaching, the access cavity should be restored with a bonding agent and resin-based composite to avoid recontamination of the tooth with bacteria and staining substances as well as to stabilize the color of the tooth. A number of studies have demonstrated that the quality of a resin-tooth bond is poorer immediately after bleaching. [6] [7] [8] This compromised bonding may be due to a significant decrease in the calcium and phosphate content of the enamel or superficial alterations to the enamel crystallites. 9, 10 Other potential adverse effects to avoid include an over-etched appearance following acid etching of bleached enamel surfaces, 11 alterations to the organic matrix in enamel and dentin, 12, 13 interference with resin infiltration 14, 15 and polymerization 16 due to residual oxygen after bleaching, and persistence of the smear layer on dentin surfaces following acid etching. 17 Several methods have been proposed to eliminate these shortcomings of bleaching, such as removal of the superficial enamel layer, pretreatment of bleached enamel with alcohol, use of adhesives containing organic solvents, cavity cleansing with catalase or 10 percent sodium ascorbate, and a post-bleaching waiting period ranging from 24 hours to three weeks. 18 In order to avoid the inconvenience and potential discomfort of these strategies, we used an innovative antioxidant material in an effort to improve the adhesion of resin-based composites to nonvital bleached teeth. A second aspect of this
Group 3 (innovative antioxidant-treated group)
After bleaching, a novel antioxidant agent composed of 10 percent SA gel and a nonionic surfactant (0.2 percent Tween 80, an experimental and noncommerically available material created for this study) was applied in a manner similar to the procedure for Group 2. The teeth were incubated at 37°C for three hours. The antioxidant was removed from the teeth by rinsing with an air/water spray and gentle airdrying. Restoration procedures were performed as previously described for specimens in Group 1.
Group 4 (control group)
Following the root canal procedure, the teeth in this control group were restored in the same way described for specimens in Groups 1, 2, and 3 but without bleaching or antioxidant treatment.
All four groups of teeth were stored in distilled water at 37°C, and the restorations were finished and polished 24 hours after placement using the Enhance system (LD Caulk/Dentsply, Milford, DE, USA). The specimens were thermocycled from 5°C to 55°C for 1000 cycles using a one-minute dwell time at each temperature. The teeth were dried and three layers of nail polish (Lâncome, Paris, France) were applied to all surfaces except for a 1.0 mm zone surrounding the restoration's margins to provide an impermeable barrier to the test fluids. A PVC-insulated copper wire was inserted 5.0 mm into the root canal so that a 3.0 mm bare section at the tip of the wire was firmly in contact with the end of the obturation, leaving the remaining 2.0 mm of the wire covered with PVC insulation. The apical portion of the tooth-wire junction was sealed with sticky wax and three layers of nail varnish. Following wire placement, the teeth were radiographed to ensure correct positioning of the wire. The tooth and inserted copper wire functioned as one electrode in a test circuit, with the other electrode being a strip of stainless steel tape. Both electrodes were immersed in 0.9 percent saline solution. A 20V DC potential was applied between the electrodes and current flow in the circuit was detected through the voltage drop across a 1000-ohm resistor in series with the voltage source and electrodes. The magnitude of the current indicated the amount of microleakage at the margins of the restorations as well as any percolation through the bulk material. Measurements were obtained for each specimen every other day for 40 days.
Each of the four groups received a different treatment. In Groups 1, 2, and 3 a 10 percent carbamide peroxide preparation (Opalescence, Ultradent Products, South Jordan, UT, USA) was placed into the pulp chamber and access cavity, slightly extending onto the lingual surface. The teeth were bleached for eight hours each day for one week. The specimens were partially immersed in artificial saliva (Dr. Aurafaee Pharmacy Co., Mashhad, Iran) at 37°C, ensuring that the bleaching gel did not contact the saliva. After completion of the daily bleaching procedure, the pulp chamber and access cavity were irrigated with 2.0 ml of tap water. For the remainder of the day, the specimens were stored in artificial saliva at 37°C. Prior to immersion in artificial saliva, a cotton pellet was placed into the pulp chamber and the access cavity was sealed with Cavit (3M ESPE, Seefeld, Germany). The artificial saliva was changed twice daily during the one-week period.
Group 1 (bleaching-only group)
Upon completion of the bleaching procedure, the access cavity and pulp chamber of the specimens in this group were sealed using the Single Bond total-etching dentin adhesive system (3M/ESPE, St. Paul, MN, USA) according to the manufacturer's instructions. After acid etching, two layers of bonding resin were applied with a brush, spread gently with air, and photoactivated using a 20-second exposure to a quartz-tungstenhalogen lamp (Optilux 501, Kerr, Danbury, CT, USA) operating at an irradiance of 450 mW/cm 2 . Composite resin (Z100, shade A2, 3M ESPE, St. Paul, MN, USA) was placed and polymerized in 1.5-2.0 mm thick layers. Each layer was irradiated for 40 seconds.
Group 2 (antioxidant-treated group)
Immediately after bleaching, the 10 teeth in this group were removed from the plastic holders and the access cavities and pulp chambers were filled with the antioxidant gel 10 percent sodium ascorbate (SA). Each tooth was placed incisal edge down in an individual polystyrene tube (12 mm × 75 mm, Becton, Dickinson and Company, Franklin Lakes, NJ, USA) containing 5 ml of 10 percent SA. The teeth were incubated at 37°C for three hours, removed from the tubes, rinsed with an air/water spray, and gently air-dried. The cavities and pulp chambers were restored as previously described for specimens in Group 1.
Following the electrochemical leakage study, the wires were removed and the apical portion of the tooth-wire junction was sealed with modeling wax (Dentsply DeTrey, Bois Colombes, France) and three layers of nail varnish. The specimens were immersed incisal edge down in a 0.5 percent basic fuchsine solution for 24 hours at 37°C. The teeth were removed from the dye solution and washed under tap water, and the nail polish was removed. The teeth were sectioned longitudinally using a low-speed diamond saw (Isomet, Buehler Ltd., Lake Bluff, IL, USA). Sections were made from the buccal to the lingual surface through the center of the coronal restoration and root canal filling material.
Scoring Microleakage
Microleakage was assessed using a 16x stereomicroscope (Olympus Co., Tokyo, Japan) by two experienced examiners who were unaware of the treatment group assignments. Each examiner judged the depth of the stain and assigned a score independently. If the examiners reported different scores, new readings were performed until a consensus was obtained. Dye penetration was scored using a 0-3 rating system: 0=no leakage, 1=dye penetration occurred up to half of the cavity wall depth, 2=dye penetration greater than half of the cavity wall depth, and 3=dye penetration involving the root canal filling.
Statistical Analyses
The mean values and standard deviations of the leakage currents obtained using the electrochemical technique were calculated and analyzed using an analysis of variance (ANOVA). A Newman-Keuls multiple comparison test was used to identify any differences between the mean values of the groups. The basic fuchsine staining scores were analyzed by means of a KruskalWallis test performed on the rank order data and pair-wise comparisons were performed using the Mann Whitney-U test. Spearman's rho test was used to correlate the investigators' scores for the staining technique with the results obtained by the electrochemical technique. The level of significance was set at p<0.05 for all tests.
Results
The mean microleakage currents after 40 days for the four test groups are depicted in Figure 1 . The curves clearly indicate that the specimens treated with 10 percent SA gel combined with a surfactant displayed the least microleakage, while those bleached and not treated with the 10 percent sodium ascorbate antioxidant displayed a significantly greater amount of microleakage (p=0.0001). Groups treated with 10 percent SA gel and unbleached teeth behaved similarly. 
Discussion
The coronal sealing of teeth following bleaching and antioxidant test treatment was examined using both the electrochemical and linear dye penetration methods. The highest mean leakage values recorded in both test methods were obtained in teeth bleached without antioxidant post-treatment (Group 1), while teeth treated with the innovative The mean rank values for the staining data are displayed in Figure 2 .
The results obtained from multiple comparisons of the study groups are listed in Table 1. Spearman's rho test was used to establish the correlation between the electrochemical and staining findings (p<0.05) of the groups (Table 2) .
Data collected using the electrochemical and the staining techniques were correlated using a Spearman's rho test. A significant correlation was found between the two techniques (Table 2 ). In Groups 2 and 4, the correlation was R>0.9 and was used in this study due to its improved handling characteristics and lower cost compared to the solution formulation. 6 The experimental conditions of the dye penetration and electrochemical methods are quite different. Dye penetration is a passive method relying on capillary fluid movement, while the electrochemical method is a dynamic process based on the diffusion of ions. 31 However, some studies employing multiple test methods to compare the sealing ability of restorative techniques used the same samples for each of the tests. 21, 31 There was no discrepancy noted between the results of the staining and electrochemical tests in the experimental groups, although there was the 40-day delay prior to dye penetration assessment when the electrochemical testing was performed.
In the future, it would be advisable to assess the microstructure and bond strength characteristics of teeth treated using our experimental antioxidant formulation to determine if higher microleakage rates observed in vitro translate to significant deterioration of restorations in actual clinical situations. Additionally, the minimum time required for antioxidant treatment after nonvital bleaching should be determined.
Conclusion
Following the bleaching of nonvital teeth, the addition of the nonionic surfactant 0.2 percent Tween 80 to the conventional 10 percent sodium ascorbate antioxidant significantly reduced microleakage.
Clinical Significance
The addition of a surfactant such as 0.2 percent Tween 80 to the antioxidant 10 percent sodium ascorbate significantly reduced microleakage when it was applied after bleaching. antioxidant (Group 3) displayed the lowest mean leakage score. These results are consistent with the outcomes of previously reported studies that also attempted to compare different microleakage methods. [19] [20] [21] [22] [23] [24] A perfect restoration with sealed dentin tubules and margins is a prerequisite for successful bleaching therapy.
2, 25 The appearance of the hybrid layer in bleached enamel is less regular and distinct than in unbleached enamel, which might explain the increased microleakage. 26, 27 In a previous report, 28 the greatest amount of microleakage was observed in restorations placed immediately after nonvital tooth bleaching, possibly due to delayed release of oxygen that could either interfere with resin infiltration into etched surfaces or inhibit polymerization. 29 In the present study, Group 2 and the unbleached controls (Group 4) exhibited similar microleakage behavior. This outcome suggests that the application of an antioxidant may be helpful when restorations are to be placed immediately after bleaching. The lowest microleakage values in both microleakage tests were observed in samples treated with the innovative antioxidant (Group 3). In fact, treatment of the bleached surface in the access cavity with the 10 percent sodium ascorbate gel in combination with 0.2 percent Tween 80, a nonionic surfactant ingredient, may have reduced the surface tension and contact angle as well as the cohesive force between the SA molecules. Consequently the antioxidant agent may actually penetrate the dentin with greater ease, achieving improved efficacy in the dentinal tubules and enamel. In addition, it may be that the free surface energy of the tooth actually increases after treatment due to 0.2 percent Tween 80's detergent effect on the surface, which promotes better sealing. Therefore, the threehour time required for antioxidant treatment may be decreased when the surfactant/antioxidant combination is employed.
Ascorbic acid and its sodium salt are potent antioxidants capable of quenching reactive free radicals in biological systems. 30 Since ascorbic acid, its salts, and 0.2 percent Tween 80 are nontoxic and widely used in the food industry, it is unlikely that their intraoral use will cause any adverse biological effects or clinical complications. 6, 7, 30 Because the efficacy of SA gel was established in a previous study, the gel form
